Brain iron accumulates in several neurodegenerative diseases and can cause oxidative damage, but mechanisms of brain iron homeostasis are incompletely understood. Patients with mutations in the cellular iron-exporting ferroxidase ceruloplasmin (Cp) have brain iron accumulation causing neurodegeneration. Here, we assessed the brains of mice with combined mutation of Cp and its homolog hephaestin. Compared to single mutants, brain iron accumulation was accelerated in double mutants in the cerebellum, substantia nigra, and hippocampus. Iron accumulated within glia, while neurons were iron deficient. There was loss of both neurons and glia. Mice developed ataxia and tremor, and most died by 9 months. Treatment with the oral iron chelator deferiprone diminished brain iron levels, protected against neuron loss, and extended lifespan. Ferroxidases Rotarod-Coordinated motor skills were assessed via the rotarod test (Columbus Instruments, Columbus, OH). Animals were placed on top of a 4cm diameter rod. After an equilibration period, the rotation speed was increased from 4 to 20rpm over a 5min period; the average time to falling was determined from three trials for each mouse. Zhao et al.
Introduction
Dysregulation of iron homeostasis and oxidative stress have been implicated in age-related neurodegenerative diseases including Parkinson's and age-related macular degeneration (AMD). Due to its high metabolic rate, high content of polyunsaturated fatty acids, and presence of redox-active metals, the brain is susceptible to oxidative damage. Potential oxidative damage is mitigated by multi-copper ferroxidase ceruloplasmin (Cp), which oxidizes iron from its ferrous to the less toxic ferric form. Serum Cp is primarily synthesized in hepatocytes and secreted as a holoprotein. Cp is also located on the surface of astrocytes in the brain, where it plays a major role in the export of iron (Klomp and Gitlin, 1996 , Patel and David, 1997 , Hellman et al., 2002 , Jeong and David, 2003 , Kono et al., 2010 . By oxidizing ferrous iron, Cp facilitates the binding of ferric iron to transferrin, enabling iron transport to sites of normal physiological use. Cp can also bind and stabilize the only known cellular iron exporter, ferroportin (Fpn) (De Domenico et al., 2007 , Kono et al., 2010 .
Patients with the rare autosomal recessive disease aceruloplasminemia have mutations in Cp causing brain and retinal neurodegeneration (Harris et al., 1995) . Iron accumulates in the retina, basal ganglia, cerebellum, and cortex. These patients suffer from progressive neurological dysfunction, Parkinson's-like movement disorder, dystonia, cerebellar ataxia, dysarthria, dementia, and retinal degeneration that can resemble AMD (Klomp and Gitlin, 1996 , Okamoto et al., 1996 , Ponka, 2004 , Dunaief et al., 2005 , Wolkow et al., 2011 . Global cortical atrophy, basal ganglia degeneration, and retinal pigment epithelial cell degeneration have been demonstrated.
Diminished ceruloplasmin activity and decreased copper levels have been found in substantia nigra of post-mortem Parkinson's disease brains (Ayton et al., 2013) . Since ceruloplasmin activity is copper dependent, these data suggest insufficient delivery of copper to ceruloplasmin may lead to diminished CNS ceruloplasmin activity with consequent iron accumulation.
Cp is expressed in astrocytes; Cp knockout (KO) mice have increased iron in the retina, cerebellum, brainstem, and cervical spinal cord by 16mo. This is accompanied by loss of Purkinje cells in cerebellum by 24mo. Increased expression of iron importer divalent metal transporter 1 (Dmt1) in Purkinje cells suggests low iron levels in these cells. Mice have diminished rotarod performance at 16mo but otherwise no overt motor deficits (Jeong and David, 2006) . (Anderson et al., 2002) and co-localizes with Fpn in human enterocytes (Han and Kim, 2007) . Conditional knockout of Heph in enterocytes impairs iron export from enterocytes to the blood stream (Fuqua et al., 2014) . Similarly, the sex-linked anemia (sla) mouse has a deletion of the penultimate two exons, resulting in diminished ferroxidase function and protein levels leading to defective small intestine iron transport and iron deficiency anemia (Vulpe et al., 1999) . Like Cp, Heph has an extracellular copper-dependent ferroxidase domain. Heph is anchored to the plasma membrane by a transmembrane domain, but, unlike Cp, does not have a secreted form. Heph is expressed in oligodendrocytes and microglia. Heph sla mice have impaired rotarod performance beginning at 9 months (Schulz et al., 2011) .
Combined deficiency of Cp and Heph results in iron accumulation in spinal cord white matter oligodendrocytes, some of which express both ferroxidases. Oligodendrocytes in the double-mutant mice have low levels of paranodal protein Caspr and abnormal ultrastructure (Schulz et al., 2011) . Similarly, combined Cp and Heph deficiency, but not single mutation in Cp or Heph, results in retinal iron accumulation by 6mo, causing degeneration with features of AMD (Hahn et al., 2004 , Hadziahmetovic et al., 2008 . Single KO for Cp results in a 15% increase in substantia nigra iron levels at age 5mo (Ayton et al. 2014) .
We studied the effect of combined deficiency of Cp and Heph on the brain. We focused on brain regions with marked iron accumulation: cerebellum and substantia nigra, and determined the cellular iron distribution pattern. We also tested the protective activity of deferiprone, an oral iron chelator, FDA-approved for thalassemia syndromes that has also been tested in a proof-of-concept clinical trial for Parkinson's disease (Devos et al. 2014 ).
Materials and Methods

Reagents and animals
Chemical and biological kits were purchased from Sigma Aldrich (St. Louis, MO) unless stated otherwise. The multi-copper oxidase mutant mice (Cp −/− Heph sla ) were generated by starting with C57BL/6 Cp null mice (Cp −/− ) (F13 N12), re-derived from the original SvJ/129 Cp null mice strain (Harris et al., 1999) . These were crossed with the naturally occurring Heph mutant mice (sla), originally identified by Jackson Laboratories and characterized by Vulpe et al (Vulpe et al., 1999) . Since Heph is X-linked, we use Heph sla to represent either Heph sla/sla or Heph sla/Y . Our mating strategy generated single and double-mutant mice on a C57BL/6J background. Mice were maintained in the Johns Hopkins and University of Pennsylvania Animal Facilities where they were fed ad libitum with chow containing 300ppm iron and maintained on a 12 h/12 h light/dark cycle. For most of the experiments, 6mo animals were used unless otherwise indicated.
Quantitative Real-Time PCR
Whole brains obtained from 6mo WT, Cp −/− , Heph sla and Cp −/− Heph sla (n=3 or more, as indicated) were analyzed using quantitative real-time PCR for gene expression. RNA isolation was performed with an RNeasy mini kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. The RNA was quantified with a spectrophotometer and stored at −80°C. cDNA was synthesized using TaqMan reverse transcription reagents (Applied Biosystems, Carlsbad, CA) according to the manufacturer's protocol. TaqMan gene expression assays were obtained from Applied Biosystems and used for PCR analysis. Probes used were ceruloplasmin, Cp (Mm00432654_m1) and hephaestin, Heph (Mm00515970_m1), transferrin receptor (Tfrc, Mm00441941_m1), glial fibrillary acidic protein, GFAP (Mm01253033_m1), tyrosine hydroxylase, Th (Mm00447557_m1), Purkinje cell protein 2 (L7), Pcp2 (Mm00435514_m1 ), myelin basic protein, Mbp (Mm01266402_m1), and EGF-like module containing, mucin-like, hormone receptor-like sequence 1(Emr1, Mm00802529_m1). Eukaryotic 18S rRNA (Hs99999901_s1) served as an internal control because of its constant expression level across the studied sample sets. Realtime TaqMan RT-PCR (Applied Biosystems) was performed on an ABI Prism 7500 sequence detection system using the ΔΔC T method, which provides normalized expression values. The amount of target mRNA was compared among the groups of interest. All reactions were performed with technical triplicates (three real-time PCR replicates per mouse).
Immunofluorescence
The brains from the mutant mice and WT controls (n=3 each) fixed in 4% paraformaldehyde for 2h were cryoprotected in 30% sucrose overnight and then embedded in optimal cutting temperature compound (OCT; Tissue-Tek, Sakura Finetek, Torrance, CA). Immunofluorescence labeling was performed on 10μm thick sections as previously published for the retina (Hadziahmetovic et al., 2008) . Primary antibodies used are listed in Table 1 . Primary antibody reactivity was detected using fluorophore-labeled secondary antibodies (Jackson Immuno Research Laboratories, Inc., West Grove, PA). Control sections were treated identically but with omission of primary antibody. Sections were analyzed by fluorescence microscopy with identical exposure parameters using the Nikon TE300 microscope with ImagePro software.
Stereological analysis of TH neurons in the substantia nigra
TH-positive and total neurons in the substantia nigra pars compacta (SNpc) were counted in anti-TH and Nissl stained sections, respectively. Stereological counting was performed as described (Kitada et al., 2009 ) with a few differences as follows. Brains were fixed in 70% ethanol/150mM NaCl and sectioned at 10μm thickness. Every tenth section was stained with an anti-tyrosine hydroxylase polyclonal antibody (Millipore, Billerica, MA). Three brains were analyzed for each group. For Nissl stain, paraffin-embedded tissue sections adjacent to sections stained with anti-TH were deparaffinized and hydrated through a series of graded ethanol followed by water. Sections were stained with 0.5% cresyl violet acetate/0.3% acetic acid, then washed with water, dehydrated with a series of graded ethanol, and mounted.
Iron staining
A modified DAB-Perls method was used for iron staining (Hahn et al., 2004) . Sections were placed in 10% potassium ferrocyanide/20% hydrochloric acid for 30 min, then stained with DAB. The brains from each group of mice (n=3 each) were fixed in 4% paraformaldehyde for 2h, then cryoprotected in 30% sucrose overnight and then embedded in optimal cutting temperature compound (OCT; Tissue-Tek, Sakura Finetek, Torrance, CA). Sections were 10μm thick.
Quantitative Iron Detection
Total non-heme iron was quantified using a bathophenanthroline-based spectrophotometric protocol (Torrance and Bothwell, 1968) . Briefly, tissues were weighed and then treated overnight at 65 °C in acid digest solution (0.1% trichloroacetic acid and 0.03 M HCl). After digestion, the tissue-acid mixture was vigorously vortexed. Following digestion, samples were allowed to cool to room temperature and then centrifuged for 25 minutes at 1200 × g (at room temperature). The supernatant (20μL) was added to 1 mL of chromagen reagent (2.25M sodium acetate pretreated with Chelex 100, 0.01% bathophenanthroline, and 0.1% thioglycolic acid). The absorbance was read at 535nm. Iron level was expressed as μg of iron per gram tissue and was assessed comparing absorbance of tissue-chromagen samples to serial dilutions of iron standard (Sigma-Aldrich, Inc., St Louis, MO).
Quantification of dopamine and its metabolites
HPLC analysis was used to measure levels of dopamine and its metabolites, 3,4dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), in mouse striatum. Fresh mouse brains were dissected and the striatum isolated from five 6mo Cp −/− Heph sla mice and five age-matched controls. Samples were sonicated in 0.1M perchloric acid containing 0.01% ascorbic acid and 25μg/mL 3,4-dihydrobenzylamine as an internal standard. After centrifugation (15,000 × g, 15 min, 4°C), the supernatant was injected into a C18-reverse phase RP-80 catecholamine column (ESA, Bedford, MA). Peaks were detected by a Coulochem 5100 A Detector (ESA Inc., Chelmsford, MA).
Quantification of oxidative stress markers in brain homogenates
ELISA kits (Cell Biolabs, San Diego, CA) were used to measure HNE-His adducts and protein carbonyl levels as markers of lipid and protein oxidative damage, respectively. Mouse brains were collected and homogenized in PBS (at 1:3 w/v ratio) containing protease inhibitor phenylmethylsulfonylfluoride (PMSF, 100μM; EMD, Gibbstown, NJ). Assays were performed according to the manufacturers' instructions. Levels of HNE-His and protein carbonyls were determined by comparing the absorbance produced by the samples with that of a calibration curve constructed with HNE-BSA (for HNE-His) or carbonyl-BSA standards (for protein carbonyls).
Behavior testing
Mice underwent motorbehavioral testing at 4mo as described previously (Khan et al., 2004) . At the time of testing, the mice had no grossly detectable tremor or gait disturbance.
Cling test-Climbing and hanging skills were assessed via the cling test. A 20 × 20cm platform with a 6mm grid of wire mesh surrounded by a 5cm frame was suspended 50cm above a soft landing area such that the mice could not escape the platform except by falling. Mice were placed on top of the frame and allowed to habituate for 60 sec followed by a grid rotation of 90° and hold in the vertical position for 60 sec. It was then rotated another 90° and held in the inverted position for 60 sec. The average time to falling was determined from three trials for each mouse.
Gross motor activity-Photocell activity chambers were used to quantify the gross motor activity of the mice. The chambers consisted of 20 × 40cm Plexiglass boxes with four infrared beams spanning the short axis and eight infrared beams spanning the long axis (San Diego Instruments, San Diego, CA). Single mice were placed in the chambers at the onset of the normally active nocturnal period. Beam breaks were recorded automatically by computer every 10 min for 10h with no habituation period.
Grip strength-A grip strength meter was used as an indicator of neuromuscular function. Briefly, mice were allowed to hold the grid, which was then pulled back horizontally until the grip was released. The force applied to the bar at the moment the grasp was released was recorded as the grip strength (pounds).
Statistical analysis
One-way ANOVA was used to analyze the behavior data. Student's t-test analysis was used to compare the iron levels, dopamine metabolites, immunoreactive neuron numbers and mRNA levels between WT and Cp −/− Heph sla groups. Log Rank for Kaplan-Meier survival curve was performed with statistical GraphPad Prism 5 software (GraphPad Software, Inc. San Diego CA, USA). A p-value of <0.05 was set as the requirement for statistical significance.
Results
Cp and Heph mRNAs were present in the mouse brain and markedly diminished in DKO
We studied mice that were Cp −/− (knockout, null) combined with either Heph sla/sla (sexlinked anemia) or Heph −/− (knockout, null). For most of the studies, only Heph sla/sla , a hypomorph, (Vulpe et al, 1999) was available. Heph sla has two exons near the 3' end of the gene deleted, resulting in markedly diminished protein levels. Heph is on the X chromosome, so females are Heph sla/sla and males are Heph sla/Y . Because we observed no sex effect on the results presented below, we refer to both Heph sla/sla and Heph sla/Y as Heph sla . More recently, we used germline recombination of a floxed Heph allele to generate a systemic knockout (Heph −/− ), which makes no Heph protein (Wolkow et al. 2012 , Fuqua et al., 2014 . These mice were also used in some of the studies below.
To assess brain expression of Cp and Heph, qPCR analysis was performed on brains from 6mo WT mice. significantly lower levels of Cp and Heph mRNA than WT ( Figure 1A, B ). In brains from Cp −/− Heph −/− mice, Heph mRNA levels were lower than in Cp −/− Heph sla as expected since the Heph −/− KO allele has exon 2 deleted. This renders subsequent exons out of frame leading to nonsense-mediated mRNA decay. A low level of Heph mRNA is still detected in the Heph −/− KO, as the primers and probe are located outside of the deleted exon. Western analysis shows that the exon 2 deletion in the Heph −/− KO mice results in loss of Heph protein (Fuqua et al. 2014) .
Regionally increased iron in Cp −/− Heph sla and Cp −/− Heph −/− brains At 5.5 mo, Cp −/− Heph sla mice had significantly higher whole brain non-heme iron levels than WT controls ( Figure 1C ). In contrast, neither Cp nor Heph single-mutants had elevated brain iron levels relative to WT mice. Iron levels in brains from Cp −/− Heph sla and Cp −/− Heph −/− were not significantly different from each other, suggesting that the mutation Heph sla renders Heph unable to contribute to brain iron export.
To determine which brain regions had increased iron, we immunolabeled for ferritin. The expression of this gene is regulated by cytosolic labile iron levels through iron regulatory proteins IRP1 and IRP2. When labile iron levels are high, ferritin translation increases (Rouault, 2006) . We have found immunolabeling for ferritin a more sensitive method to assess the cellular iron status than the Perls' histochemical stain (Hadziahmetovic et al., 2008) . In Cp −/− Heph sla brains compared to age-matched WT, ferritin label was increased in the cerebellum, substantia nigra, hippocampus, cortex, choroid plexus, and meninges ( Figure  1 D, E) .
Iron accumulates in glia within the SN
To determine whether dopaminergic neurons had increased iron, we double-labeled with anti-tyrosine hydroxylase (TH) and anti-ferritin (Figure 2A) . In contrast to WT, where THpositive cells had some ferritin co-labeling, Cp −/− Heph sla brains were remarkable for the absence of ferritin immunoreactivity in the TH-positive cells. Surrounding cells were brightly immunofluorescent, which lead to the appearance of a "black hole" representing each TH-positive cell, suggesting low iron levels in these neurons.
To confirm these findings, we also double-labeled with TH and transferrin receptor (TfR), since, in contrast to ferritin which is down-regulated by IRPs when intracellular iron is low, TfR is upregulated. Consistent with low intracellular iron in the dopaminergic cells, TfR colabeled with TH in the Cp −/− Heph sla but not WT SNpc ( Figure 2B ).
To determine which cells in the SNpc have increased iron in the Cp −/− Heph sla mice, we colabeled with ferritin and markers for glia. In Cp −/− Heph sla mice, there was strong ferritin label in astrocytes marked with glial fibrillary acidic protein (GFAP), oligodendrocytes marked with myelin basic protein (MBP), and microglia marked with F4/80 ( Figure 3) . Also, there was ferritin labeling just outside the CD31 marked blood vessels, a location consistent with the endfeet of astrocytes, which help control the flux of nutrients across blood vessels (Obermeier et al., 2013) .
Cp −/− Heph sla brains have increased oxidative stress
Oxidative stress and mitochondrial dysfunction have been reported as key events in degeneration and death of dopaminergic neurons in the SN in Parkinson's disease (Jenner et al., 1992 , Sayre et al., 2001 . In addition to increased iron content in the SN, it has been reported that oxidative stress in Parkinson's disease manifests through elevated levels of oxidized and nitrated proteins (Alam et al., 1997) and increased lipid peroxidation (Jomova et al., 2010 , Ruiperez et al., 2010 . To assess the protein and lipid oxidation in our animal model, we measured 4-hydroxynonenal (HNE) and protein carbonyl levels by ELISA.
Aldehydes such as HNE are major end products of lipid peroxidation. HNE forms covalent adducts with proteins, and these adducts can be quantified by ELISA. The whole-brain HNE levels were significantly higher in Cp −/− Heph sla mice relative to age-matched wild type controls ( Figure 4A ). Protein carbonyl levels were not significantly increased within the brains of Cp −/− Heph sla mice ( Figure 4B ).
Cp −/− Heph sla mice have decreased nigral dopaminergic neuron number and dopamine
We next sought to determine whether glial iron buildup, neuronal iron deficiency, and oxidative stress would cause loss of nigral dopaminergic neurons. No difference in neuron numbers was observed between Cp −/− Heph sla and WT at either one or two months (data not shown), indicating that the same number of nigral dopaminergic neurons were produced during development. However, analysis of 6mo Cp −/− Heph sla SNpc by stereology revealed significantly fewer TH-positive neurons relative to WT controls ( Figure 4C ). Additionally, Nissl stain revealed a significant decrease in total neuron count in the SNpc in the Cp −/− Heph sla mice relative to age-matched WT controls ( Figure 4D ). This result verified that loss of TH staining is due to cell loss and not to markedly decreased TH levels in viable dopaminergic neurons.
Next, we investigated dopamine and dopamine metabolite concentrations by HPLC to determine whether striatal levels were affected in these mice. Dopamine, DOPAC, and HVA were measured by HPLC on fresh tissue from striatum isolated from 6mo mice. These experiments demonstrated significantly lower concentrations of dopamine and HVA in the Cp −/− Heph sla mice relative to age-matched controls ( Figure 4E ).
Cellular iron distribution in Cp −/− Heph sla cerebellum
Ferritin immunolabeling of Cp −/− Heph sla cerebellum revealed a strong signal in the Bergmann glia of the molecular layer ( Figure 5A ). These are radial glia critical for cerebellar glutamate metabolism. In contrast, the neurons in the granular layer labeled with NeuN (for neuronal nuclei) and SMI32 (for neurofilament) had much less ferritin labeling ( Figure 5B ). Purkinje cells also had low ferritin levels. Conversely, many granular cell layer neurons had increased TfR ( Figure 5C ), which is consistent with low iron levels. Purkinje cell loss is associated with this cerebellar iron maldistribution ( Figure 5D , E).
Motorbehavioral testing in Cp −/− Heph sla mice
To quantify gait, balance and strength, we assessed the number of beam breaks in the open field activity test, ability to stay on the rotarod, ability to hang using the cling test, and grip strength ( Table 2) . Mice were tested at 4mo of age when they had no gross behavioral abnormalities. Although locomotion testing, as assessed by the photocell beam break test, revealed no difference between Cp −/− Heph sla and control WT mice, Cp −/− Heph sla mice had severe deficits in motor coordination, balance, and strength (Table 2) . Cp −/− Heph sla mice have focal areas of retinal degeneration beginning at age 6mo. There are no changes in the electroretinogram at 6mo. Therefore, at the age of motor function testing, visual impairment would not have been a factor. Both Cp −/− Heph sla and Cp −/− Heph −/− mice developed a disabling motor disorder between the ages of 6-9mo. They developed weakness, tremor, and occasional generalized seizure with post-ictal period. An example of the motor abnormalities in Cp −/− Heph sla mice, which can be ameliorated with deferiprone, is shown (Movie 1).
Iron chelation with deferiprone protected against neurodegeneration
To determine whether iron chelation can prevent the neurodegeneration in Cp −/− Heph sla mice, we treated the mice with oral deferiprone in their drinking water (1mg/ml; approximately 150mg/kg/d) beginning at age 2-3mo. Compared to mice not receiving treatment, deferiprone-treated mice had significantly delayed onset of movement disorder, leading to prolonged lifespan ( Figure 6A ). BPS iron quantification showed lower brain iron levels in Cp −/− Heph sla mice treated with DFP compared to age and genotype-matched untreated mice ( Figure 6B ). Perls' staining revealed diminished iron levels throughout the brain, including the cerebellum and SN (Figure 6 C-E).
DFP protected against the loss of both dopaminergic neurons detected with anti-TH in the SN and Purkinje cells detected with anti-SMI32 in the cerebellum (Figure 7) . TH-positive neurons from DFP treated mice still had high TfR levels at this timepoint (Figure 8 ).
To further assess iron status as well as the condition and number of different brain cell types, we measured levels of several mRNAs in Cp −/− Heph sla brains from mice that had or had not been treated with DFP. DFP increased transferrin receptor (TfR) mRNA levels in whole brain extracts, which is consistent with decreased iron levels (Figure 9) . The Purkinje-cell mRNA PCP2, dopaminergic neuron marker TH, oligodendrocyte-specific MBP, and microglia/macrophage-specific F4/80 were all decreased in untreated Cp −/− Heph sla mice compared to WT. DFP treatment of the Cp −/− Heph sla mice protected against a decrease in these cell-type specific mRNAs. Astrocyte mRNA GFAP was diminished in Cp −/− Heph sla brains, with a trend toward higher levels in DFP-treated mice.
Discussion
We tested herein whether the homologous multi-copper ferroxidases Cp and Heph may have complementary roles in brain iron homeostasis. To accomplish this, we generated mice deficient for both. These Cp −/− Heph sla mice exhibited iron accumulation within the SN, cerebellum, and hippocampus. Substantia nigra pars compacta TH-positive dopaminergic neurons had a decrease in ferritin and increase in transferrin receptor immunoreactivity, indicating these cells had low iron levels. In contrast, astrocytes, oligodendrocytes, and microglia within the SN had high iron levels driving increased ferritin. There was increased oxidative stress and loss of dopaminergic cells within the SN. Consistent with the loss of dopaminergic neurons, dopamine and its metabolite HVA, were also diminished. As in the SN, cerebellar neurons had low iron levels, and glia had high levels. Purkinje cell number was reduced. Cp −/− Heph sla mice displayed a severe motor impairment and lifespan limited to 6-9mo. Treatment with the iron chelator deferiprone diminished brain iron levels, partially protected against loss of glia and neurons, and extended lifespan.
In patients with aceruloplasminemia, loss of Cp leads to impaired iron export from several tissues, resulting in iron overload in the retina, brain, and pancreas. This iron overload contributes to the hallmark clinical triad of retinal degeneration, diabetes and movement disorder (Harris et al., 1995, McNeill and Chinnery, 2011) . Iron overload-induced, agerelated changes have also been observed in the cerebellum of Cp −/− mice (Jeong and David, 2006) , which showed iron accumulation mainly in astrocytes accompanied by significant loss of these cells and Purkinje cells at age 24mo. These mice showed a defect in motor coordination at 16mo as assessed by the rotarod assay, associated with a loss of brainstem dopaminergic neurons. These results are consistent with demonstrated Cp expression in astrocytes and Cp-facilitated iron export, in cooperation with ferroportin, in cultured astrocytes (Jeong and David, 2006) . In our Cp −/− mice, we focused on total brain iron levels at a younger age (6mo) and motorbehavioral testing (at age 4mo), and there was no difference from WT. Thus, in young Cp −/− mice, increased total brain iron or movement disorder was not apparent, possibly due to the compensatory function of Heph.
Heph is also expressed in the brain, primarily in oligodendrocytes and microglia (Schulz et al., 2011) . Heph is expressed by mature spinal cord oligodendrocytes and plays a role in iron efflux from these cells. Gray and white matter spinal cord oligodendrocytes use different combinations of Cp and Heph to maintain iron homeostasis (Schulz et al., 2011) . In our experiments, 24mo Heph sla mice had neither increased total, non-heme brain iron relative to WT controls, nor gross motor dysfunction (data not shown). To determine whether Cp and Heph can serve complementary roles, we generated Cp −/− Heph sla and Cp −/− Heph −/− mice, which had increased total brain iron by 6mo. Since Cp and Heph primarily localize to glia, we hypothesized that Cp −/− Heph sla might have glial iron overload but neuronal iron deficiency. Our ferritin and TfR immunolabeling results support this hypothesis.
Increased iron in the Cp −/− Heph sla and Cp −/− Heph −/− brain parenchyma indicates that Cp and Heph are not necessary for iron import across the blood-brain barrier (BBB). They are also not necessary for iron transfer from the gut to the blood, indicating the presence of alternative (albeit less efficient) iron uptake mechanisms. Despite diminished serum iron, the mice accumulate glial iron. This is consistent with iron import into the brain and impaired export from glial cells. These results suggest that another ferroxidase such as zyklopen (Chen et al., 2010) , which we find expressed in the brain (by qPCR amplification at cycle 30/40), might associate with ferroportin to facilitate iron export from the vascular endothelial cells into the brain.
Death of neurons in Cp −/− Heph sla mice may result from glial iron overload causing loss of glial support. This increase in glial iron could injure or kill glia, depriving neurons of required nutrients or neurotrophic factors. Increased intracellular glial iron, especially within microglia, might also induce them to secrete harmful molecules (Zhang et al., 2014) . Similarly, neurotoxin-induced Parkinson's rodents have increased levels of the iron in microglia (Salazar et al., 2008) . Here, too, excess iron contributes to microglial activation in the SN (Peng et al., 2009) . Iron chelation in this context can protect against loss of dopaminergic neurons (Kaur et al., 2003) .
In addition to elevated glial iron, Parkinson's disease brains have increased neuronal iron, which could be attributed, in part, to the observed increased levels of divalent metal transporter 1 in the SN (Morris et al. 1994 , Salazar et al. 2008 , Ayton et al. 2015 . Because PD brains have increased neuronal iron in the SN while neurons from Cp −/− Heph sla mice are iron deficient, this aspect of PD is not modeled by the Cp −/− Heph sla mice.
Cp −/− Heph sla mice have diminished Heph protein levels and ferroxidase activity.
Ferroxidase assays in enterocytes reveal activity ranging from 5-20% of normal; the mice with higher ferroxidase activity generally have later onset neurodegeneration (data not shown). Due to this residual Heph function, we generated a Heph null allele, which does not make any Heph protein (Wolkow et al., 2012) . The brain iron levels and distribution, as well as motor behavior and lifespan of the Cp −/− Heph sla and Cp −/− Heph −/− mice, are quite similar. This indicates that residual protein produced by the Heph sla allele is insufficient for brain iron homeostasis.
The oral iron chelator deferiprone (DFP), FDA-approved for iron overload in thalassemia, diminished brain iron levels and extended the lifespan of Cp −/− Heph sla mice. We selected this chelator because it crosses the BBB (Fredenburg et al., 1996) and has shown evidence of clinical efficacy in Friedreich's ataxia, a brain iron overload disorder (Boddaert et al., 2007) , as well as in Parkinson's disease (Devos et al., 2014) . Also, its affinity for iron is lower than that of other chelators, such as deferoxamine (Devanur et al. 2008) , so it is less likely to cause iron deficiency. Indeed, the DFP-treated Cp −/− Heph sla mice had an increased hematocrit, probably resulting from DFP-mediated transfer of iron to transferrin. DFPmediated iron transfer to transferrin has been demonstrated (Sohn et al., 2011) . Our results are consistent with a recent study showing DFP-mediated protection against diminished rotarod performance and loss of dopaminergic neurons in Cp−/− mice (Ayton et al., 2013) .
Our demonstration that early treatment with DFP can protect against iron-induced neurodegeneration in Cp −/− Heph sla mice supports other observations suggesting that it may prove clinically useful in neurodegenerative conditions involving iron overload (Boddaert et al, 2007 , Cossu et al., 2014 , Pandolfo, 2014 . Although in a case of aceruloplasminemia, treatment with deferiprone 75mg/kg/day for 6 months did not benefit the patient (Mariani et al., 2004) , the dose, for a patient without iron overload, may have been too great, as 60 mg/kg/day worsened some patients with Friedreich Ataxia (Pandolfo 2014) . Iron chelation is not approved outside of the treatment of iron overload in thalassemia syndromes, but clinical trials in various neurodegenerative conditions emphasize the need weekly monitoring of neutrophil count, as approximately 1-2% of patients treated with DFP develop reversible agranulocytosis (ApoPharma Inc., Ferriprox (deferiprone) Prescribing Information and Medication Guide, 2012). A case report using deferasirox, another iron chelator, in a patient with aceruloplasminemia, suggested improvement in choreoathetosis and unsteady gait after treatment (Suzuki et al., 2013) .
Cp −/− Heph sla mice are anemic (data not shown). However, this anemia does not account for their motor deficits. Cp +/+ , Cp −/− , and Heph sla mice made anemic by serial phlebotomy over 6 months to a Hb of 4.5 g/dL, comparable to Cp −/− Heph sla mice, never developed any motor deficits, iron accumulation in the CNS, or dopaminergic neuronal drop-out (data not shown), confirming that anemia alone does not result in the observed phenotype.
Cp −/− Heph sla mice have brain iron accumulation with loss of dopaminergic neurons, movement disorder, and premature death. Comparison to Cp −/− and Heph sla single mutants suggests that these two ferroxidases are able to partially compensate for each other's brain iron transport functions. These mice as well as the Cp −/− Heph −/− mice will prove useful in future studies on the roles of these ferroxidases in brain iron transport and on mechanisms of brain neurodegeneration involving iron toxicity.
Abbreviations
Cp Ceruloplasmin
Fpn Ferroportin
Heph Hephaestin HNE-His adducts (μg HNE-His/μg total protein) and protein carbonyl (nmol/mg total protein) levels in brain homogenates (A and B; n=3 each). HNE-His levels show significant increase in Cp −/− Heph sla mice, relative to WT mice (p<0.05). Cp −/− Heph sla mice do not have a significant increase in protein carbonyl levels. C) Stereological dopaminergic neuron quantification following tyrosine hydroxylase staining of paraffin-embedded sections revealed that the number of dopaminergic neurons was significantly lower in the SNpc of Cp −/− Heph sla mice relative to WT (n=3 each, * p < 0.001). D) Total neuron quantification in the SNpc by Nissl stain showed fewer neurons in Cp −/− Heph sla mice relative to WT (n=3 each, * p < 0.001).
KO
E) Mouse striatal tissue was analyzed by HPLC for dopamine (DA) and its metabolites 3,4dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) (n = 5, * p < 0.05). Gene abbreviations are as follows. Tfrc: transferrin receptor, PCP2: Purkinje cell protein 2 (L7), TH: tyrosine hydroxylase, which labels dopaminergic neurons, F4/80: EGF-like module containing, mucin-like, hormone receptor-like sequence 1, which detects microglia/ macrophages, MBP: myelin basic protein, which represents oligodendrocytes, GFAP: glial fibrillary acidic protein, which detects astrocytes.
